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ABSTRACT 


The object of this investigation was to study the behaviour, and 
failure modes of bonded prestressed concrete beams, with confined com- 
pressed concrete, subjected to a moment gradient. The confinement was 
achieved using 6-in. outside diameter spiral-wound reinforcement in 
the concrete compression zone of the prestressed beams. The effects 
of the variables such as amount of tension reinforcement, beam span, 
and spiral pitch on the moment-curvature relationships, and their in- 
fluence on the types of failure modes were studied. 

Twelve beams having a nominal 6-in. by 14-5/8 in. cross-section 
and an effective depth of 10-in. were loaded with a single concentrated 
load applied at mid-span. The beams were simply supported. Six beams 
were tested using a 10-ft. span and six using a 5-ft. span. The beams 
were Classified as "normally over-reinforced in tension" according to 
the ACI STANDARD 318-63 Building Code Requirements for Reinforced Con- 
crete. The behaviour of the test beams is presented in terms of the 
measured load-deflection relationships and the derived moment-curvature 
relationships. 

The confined compression concrete zone improved the ductility 
and rotation capacity to such an extent that a beam could resist its 
maximum applied moment over a large range of mid-span curvature until 
ultimate failure. Where sufficient confinement had been provided, 
ductile tension type failures occurred even though the beams would be 


normally considered over-reinforced in tension. 
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CHAPTER I 
INTRODUCTION 


A limit analysis design procedure of prestressed concrete beams 
requires a sound knowledge of the inelastic behaviour of these beams. 
Inelastic behaviour is limited by the amount of deformation which can 
occur at critical sections when the prestressed beams are subjected 
to applied loads. Moment-curvature relationships are a convenient way 
of representing the inelastic behaviour as they relate the resisting 
moments to the deformations which occur at a section. In normal pre- 
stressed concrete beams the reinforcement has limited ductility and the 
curvature may not be sufficient to permit limit analysis. Additional | 
curvature can be obtained by confining the concrete compression zone 
using a continuous spiral reinforcement. For the spiral to be effect- 
ive, it is also necessary to increase the amount of tension reinforce- 
ment from that in normal prestressed concrete beams. Such beams are 
capable of exhibiting large curvatures. 

The object of this investigation is to study the behaviour of a 
series of twelve rectangular prestressed concrete beams with confined 
compressed concrete, subjected to a moment gradient. The concrete 
compression zone is laterally confined with spiral-wound reinforcement 
at the maximum moment region at mid-span. The degree of confinement 
is varied to determine the effect of the amount of confinement on the 
moment-curvature relationships, and the amount of confinement necessary 


to maintain ductility in the beams. 
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The investigation includes tests on twelve prestressed concrete 
beams with confined compressed concrete. The major variables in the 
tests are the degree of confinement, the amount of tension reinforce- 
ment, and the beam span. There are small variations in the effective 
prestress levels, and nominal variations in the concrete strengths. 

The concrete strength was increased when it was observed that in some 
tests the extent of the deformations was limited by the shear resist- 
ance of the beams. A detailed outline of the test beams and variables 
is presented in Chapter III. A discussion of the behaviour is presented 
in Chapter V and brief. comparisons are made with previous tests on simi- 


lar beams without confined compressed concrete. 
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CHAPTER II 
REVIEW OF PREVIOUS TESTS 


The concept of a limit analysis procedure applied to prestressed 
concrete beams has resulted in extensive experimental investigations 
of the behaviour characteristics of these beams. Limit analysis re- 
quires that the beams possess sufficient rotation capacity to permit 
plastic hinges to form at critical sections. For prestressed beams, 
the rotations required can be obtained from deformations both in the 
concrete and the reinforcement. Only a limited rotation capacity is 
available from the reinforcement since it has a limited ductility and 
some of the available deformation has been lost due to prestressing. 
The additional rotation capacity must be obtained from deformations in 
the concrete compression zone prior to the failure of the tension 
reinforcement. 

According to the ACI Building Code (5), beams are normally classi- 
fied as over-reinforced or under-reinforced depending on the relative 
amount of reinforcement with respect to concrete. Under-reinforced 
beams are those which exhibit a large ductility or deformation prior 
to failure. The normally under-reinforced prestressed beam, according 
to the ACI Building Code, is ductile, but it does not posses very much 
rotation capacity. To increase the rotation capacity it is necessary 
to ensure that the strains in the reinforcement remain below the fail- 
ure strain while the increased additional rotation capacity occurs in 


the concrete. Since the compressed concrete by itself can sustain 
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strains of the order of 0.004 to 0.006 prior to crushing, it is necessary 
to provide a means by which the concrete can develop higher strains. 
This is possible by confining the concrete, 

Spiral reinforcement is used to confine the concrete in bound con- 
crete columns to promote ductile failures and develop a reserve strength. 
Similarly, this technique may be used in beams. By lateral confinement 
of the compression zone concrete, the ductility and the rotation capaci- 
ty of a prestressed beam are increased. The confined compression zone 
permits a portion of the beam to remain intact, and as the load is main- 
tained, or increased, the reinforcement itself yields. The beam finally 
fails in a ductile manner even though the amount of reinforcement pre- 
sent would normally classify the beam as over-reinforced. 

Tests carried out at the University of Alberta (2), (3), (4), pre- 
sent the behaviour of prestressed beams in terms of load-deflection 
and moment-curvature relationships. Information regarding the distri- 
bution of curvature is also presented. Similar information is avail- 
able in references (1), (6) and (7). 

Raffa (2) studied the deformation characteristics of bonded pre- 
stressed beams, without confinement, loaded in flexure and shear. The 
moment-curvature relationships were calculated from measured strains 
and deflections, and compared with the computed relationships. The 
relationships depended on the material properties of the beams and 
were affected by:- 

(1) cracking of the concrete, 
(2) changes from elastic to inelastic behaviour, 


(3) the level of prestress, 
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(4) the concrete strength, and 


(5) the span length. 


The relationships exhibited three behaviour stages which corresponded 
to:- 
(1) elastic strains in the concrete and reinforcement, 
(2) elastic strains in the reinforcement while the concrete 
strains changed from elastic to inelastic, 


(3) inelastic strains in both reinforcement and concrete. 


Maximum strains occurred at mid-span over the entire loading range. 
Large deflections which were recorded after initial crushing of the 
concrete were influenced by:- 
(1) the confining effect of the load bearing plate at 
mid-span, 
(2) the transfer of stresses to adjacent less strained 
sections of the beams as crushing developed, and 


(3) the spacing of the shear stirrups. 


The beams failed ultimately by tension failure of the prestressed re- 
inforcement. A summary of the details of the test results are pre- 
sented in Table 2.1. 

Belke (3) also studied the deformation characteristics of bonded 
prestressed beams, without confinement, loaded in flexure and shear. 
Measured and theoretical moment-curvature relationships were presented 
and compared. The measured load-deflection relationships were com- 


pared with those computed from the measured curvature distributions. 
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The relationships depended on the properties of the beam cross-section 
and span length, and the three distinct behaviour stages reported by 
Raffa were exhibited. Belke concluded:- 

(1) for constant f.' and span length, 

(a) the change in curvature for an increment of applied 
moment was reduced for an increased amount of tension 
reinforcement, 

(b) a greater percentage of reinforcement increased the 
beam stiffness more effectively in the beams with 
higher concrete strengths, 

(2) for increased f.'» a larger moment was required to produce 


a given deformation. 


A summary of the details of these tests is presented in Table 2.2. 
Ward (4) tested a series of prestressed concrete beams loaded 
in flexure, with spiral reinforcement in the concrete compression zone, 
to study the effects of lateral confinement of the compression zone on 
the load-deflection and moment-curvature relationships. The influence 
of the type and amount of confinement was studied by varying the dia- 
meter and pitch of the spiral reinforcement. The moment-curvature and 
load-deflection relationships were determined, The theoretically de- 
rived moment-curvature relationships, calculated at loads prior to 
spalling and assuming no spiral influence, were compared to those com- 
puted from the measured strain distributions. A further stage in the 
behaviour was observed, commencing with spalling of the concrete com- 


pression zone. The strains in the tension reinforcement which had 
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remained elastic to this stage, became inelastic because of a sudden 
drop in beam stiffness and the redistribution of stresses as the con- 
crete was restrained by the lateral reinforcement. Ward concluded:- 

(1) lateral confinement of the compression zone concrete 
was effective in producing ductile failures in nor- 
mally over-reinforced prestressed concrete beams, 

(2) smaller reduction in beam stiffness occurred in the 
case of two small overlapping spirals than for a 
single large diameter spiral, 

(3) compression failures occurred either by yielding of 
the spiral reinforcement or by concrete arch failure, 
and 

(4) the ultimate moment and curvature of beams with a 
high degree of confinement depended mainly on the 


amount of tension reinforcement. 
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CHAPTER III 
PRESENT. TEST ‘SERIES 


The present test series was conducted to compare the behaviour of 
prestressed concrete beams with confined compression concrete, subject 
to bending and shear, to the behaviour of similar beams without confine- 
ment (3). This chapter presents an outline of the test program, the 
instrumentation and design of the test beams, and a description of the 
test procedure. Further details of the geometrical and material prop- 
erties of the beams, fabrication, prestress losses, and loading appara- 


tus are presented in the Appendix. 


OUTLINE 


Twelve beams consisting of four series of three beams were tested 
with the following as main variables:- 
(1) amount of tension reinforcement, 
(2) beam span, and 


(3) degree of confinement of the concrete compression zone. 


The four series were D, E, F and G and the specific beams in a series, 
eg. D, were D1, D2, and D3. The number represents the pitch, in inches, 
of the spiral reinforcement used to confine the concrete compression 
zone. Series D and F beams were tested on a 10-ft. span and series E 
and G on a 5-ft. span. All beams were loaded with a concentrated load 


at mid-span and were simply supported. 
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1] 
DESIGN 


In this test series, the major variable is the amount of Spiral 
reinforcement used to confine the concrete compression zone. In addi- 
tion, the behaviour of the beams will be affected by the concrete 
strength, and the beam span for a fixed amount of tension reinforcement. 
The test beams were designed to determine:- 

(1) the effect of the degree of confinement of the concrete 
compression zone for a fixed amount of tension reinforce- 
ment, similar concrete strengths, and a constant span length, 

(2) the failure mode of beams with the same degree of confine- 
ment, fixed amount of tension reinforcement, similar concrete 
strengths, and varying span lengths, 

(3) the effect of the amount of tension reinforcement for the 
same degree of confinement, constant span length, and 
similar concrete strengths, and 

(4) the effect of the degree of confinement for varying concrete 


strengths. 


The test beams were designed for a nominal concrete strength of 
5,000 psi. Series D and E beams, prestressed with six cables of /-wire 
strand, 5/16-in. nominal diameter, satisfied balanced design conditions 
according to the ACI Building Code (5). Series F and G beams, pre- 
stressed with eight cables, were over-reinforced. The beams were 6-in. 
by 14-5/8 in. in cross-section and had an effective depth of 10-in., 
as shown in Figure 3.1. A 17-in. bond transfer length, beyond the 


supports, was provided for series D and E beams, and it was increased 
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to 22-in. for series F and G beams. In each beam the concrete compres- 
sion zone was confined with a 4-ft. length of 6-in. outside diameter 
spiral-wound reinforcement. Spiral pitches of one, two, and three 
inches were used in each series. The shear reinforcement used, con- 
Sisted of bent stirrups designed according to the minimum requirements 
of the ACI Building Code (5), and is shown in Figures 3.2 and 3.3 The 
spiral reinforcement was assumed not to contribute to the shear carry- 


ing capacity of the concrete. 


INSTRUMENTATION 


The instrumentation of the beams was planned to measure the defor- 
mations and deflections from which moment-curvature relationships and 
distributions of curvature could be obtained. Curvatures were obtained 
primarily from measurements of deformations on the side of the beam 
using a Demec Gauge. Curvatures were calculated from deflection measure- 
ments and checked with those obtained by the Demec measurements. In 
the later stages of loading, curvatures were calculated from the deflec- 
tion measurements. An instrumented gauge length of 6-ft. was used for 
series D and F beams, and 2-ft. for series E and G beams. It was 
assumed that all major cracking and crushing of the concrete compres- 
sion zone would occur within these lengths. 

Steel Demec gauge points, 1/4-in. diameter, were located on the 
front face of the beam, as shown in Figures 3.4 and 3.5, to determine 
the strain in the top compression fibre and the strain distribution 


over the effective beam depth. Beam deflections were measured using 
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dial gauges, and a precise level. The dial gauges were removed at init- 
ial failure of the extreme concrete compression fibre, and the deflec- 
tions recorded with the precise level until ultimate failure. Figures 
3.4 and 3.5 show the arrangement of the dial gauges and the steel rule 
targets for the level. 

Strain measurements, on the spiral reinforcement confining the con- 
crete compression zone, were made at three locations as shown in Figures 
3.4 and 3.5, Strain gauges on the same spiral loop located eight inches 
from mid-span were used to determine the magnitude and strain distribu- 
tion around the spiral reinforcement. At each location the concrete was 
chipped clear to expose a 1-1/2 in. length of the spiral reinforcement 


to which the strain gauges were attached. 


TEST PROCEDURE 


Each beam was loaded until collapse as a result of either the de- 
struction of the confined concrete compression zone, or the fracture 
of the prestressed tension reinforcement. The flexural cracking load 
was reached within three or four load increments and the ultimate cap- 
acity reached in ten to twelve increments. The applied load increments 
were reduced after flexural cracking and further reduced after spalling 
at the extreme compression fibre. In the later loading stages, the 
load increments depended on the deflection and the ability of the beam 
to resist the load. After the application of each load increment, Demec 
readings, deflections, and spiral reinforcement strains were recorded, 


and the cracks marked. The load was maintained constant using the 
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automatic load maintainer of the loading apparatus. Near the predicted 
ultimate capacity, the load was maintained manually, and when the load 
dropped at spalling, it was held at the reduced value while strain and 
deflection measurements were recorded, Due to extensive cracking in the 
final loading stages, it was impossible to record the Demec readings, 
and only the precise level deflections and the spiral reinforcement 
strains were recorded. Near collapse, the deflections increased rapidly 
for a constant applied load, and it was only possible to record the mid- 


span deflection and the spiral reinforcement strains. 
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FIGURE 3.1: TEST BEAM CROSS-SECTIONS 
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FIGURE 3.6: STRAIN GAUGES ON THE SPIRAL REINFORCEMENT 


FIGURE 3.7: ARRANGEMENT OF DIAL GAUGES FOR BEAM FI 
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FIGURE 3.8: BEAM Fl PREPARED FOR’ TESTING 
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CHAPTER IV 
TEST RESULTS 


The test results of the beams are presented in terms of the mea- 
sured load-deflection relationships shown in Figures 4.5 and 4.6, and 
the average strains in the extreme concrete compression fibres shown in 
Figures 4.7 and 4.8. The average strains were determined from measured 
deformations in the 8-in. gauge lengths of the instrumented region of 
the test beams. The derived moment-curvature relationships are pre- 
sented in Figures 4.9 and 4.10, and Figures 4.11 to 4.14 show the varia- 
tions in the spiral steel strains with respect to the applied moments. 
To illustrate the general behaviour of the test beams, the results for 
beam Fl are described in detail. Further details are presented in the 
discussion of test results in Chapter V. 

The measured load-deflection relationship for beam Fl is presented 
in Figure 4.1. It shows four stages of behaviour. An initial linear 
portion, where the beam behaved elastically until first flexural crack- 
ing, was followed by a region where the rate of deflection increased 
for the applied load increments. This was terminated when crushing 
occurred at the top compression fibre. Beyond this, the rate of de- 
flection increased further and a maximum load was reached just before 
the concrete spalled away and exposed the spiral reinforcement which 
confined the compression zone. A sudden reduction of load resistance 
is shown as a result of the reduced beam stiffness. In the final stage, 


the spiral reinforcement became effective in restraining the concrete 
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compression zone, and the load increased to nearly the maximum value 
reached at spalling before this beam finally failed in tension. The 
load reduction at spalling was not always observed in the other beams 
tested. After spalling, the beams resisted a level of load, at least 
equal to that reached at spalling, until fracture of the prestressed 
cables or rupture of the confined compression concrete occurred. 

Figure 4.2 presents the moment-curvature relationship for beam Fl. 
The curvatures were derived from the strains developed in the extreme 
compression fibre at mid-span, and the corresponding depths to the neu- 
tral axis determined from the average strain distributions for each load 


increment. The curvature was calculated using: 


veg (1) 


After initial crushing, the curvatures were approximated from deflec- 
tions measured using the precise level. The moment is presented in the 
non-dimensional form of M/M. where M. is the moment at the observed 
initial crushing of the extreme concrete compression fibre. 

The average strain distributions over the effective depth of beam 
Fl for each 8-in. gauge panel length are presented in Figure 4.3. After 
the initial flexural cracking of beam Fl, the strain distributions were 
determined by extending straight lines through the points representing 
the measured strains in the compression zone. Extensive cracking in 
the tension region made measured deformations in this region uncertain 
since they included the effect of crack openings. At initial crushing 


it is observed that the maximum concrete strain at the top compression 
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fibre occurs in panel four just to the left of mid-span. The influence 
of the spiral, the higher concrete strength, and the confining effect 
of the load bearing block may have rendered sufficient strength to the 
concrete causing the initial crushing to occur a short distance away from 
the bearing block. Similar plots were used to determine the strain dis- 
tributions for the other beams. 

Figure 4.4 shows the moment ratio M/M.. plotted against the strains 
in the spiral reinforcement at the gauge locations I, II and III shown 
in Figure 3.6. The yield strain of the spiral reinforcement was de- 
veloped at location III when beam Fl reached its failure load. The mag- 


nitudes of the strains at locations I and II were considerably less. 
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CHAPTER V 
DISCUSSION OF TEST RESULTS 


The test results are discussed in terms of how the confined com- 
pressed concrete zone influences the behaviour of the test beams. The 
effect of the confinement on the load-deflection and moment-curvature 
relationships, on the strain in the top compression fibre, on the 
strains in the spiral reinforcement, and on the failure modes is dis- 
cussed. The differences in behaviour due to the amount of tension re- 
inforcement and the span length are noted in the discussion. Although 
variations in the concrete strength were not originally intended, appar- 
ent differences in behaviour due to these variations have been noted. 
Brief comparisons are made with previous tests conducted by Belke (3), 
and some comments on the over-all effect of the confined compression 
zone are included. A summary of the present test results is presented 


in Table 5.2. 


LOAD-DEFLECTION RELATIONSHIPS 


The load-deflection relationships in Figures 4.5 and 4.6 show that 
the behaviour to initial compression crushing was similar for all the 
beams. The behaviour beyond initial compression crushing depended on 
the degree of confinement provided by the spiral reinforcement. Figure 
4.5 shows that beams D1 and Fl deflected more between initial crushing 


and spalling than the other beams in their series. After spalling, 
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three types of behaviour were observed:- 

(1) a sudden reduction of load resistance in beams D2-5) Fil 
and F2. The load resistance just prior to spalling was 
restored after a redistribution of stresses; 

(2) a continuously increasing load resistance in beams D1 
and F3; 


(3) a reduced load resistance in beam D3. 


Figure 4.6 shows similar types of behaviour in series E and G beams. 
Higher concrete strengths and amounts of tension reinforcement 
generally showed greater load capacities, and in some cases, increased 
deflections. The load capacities of the short span beams were at 
least twice those resisted by the long span beams. The deflections 
varied between 30% and 60% of the values obtained for the correspond- 


ing long span beams. 


STRAIN VARIATIONS IN THE TOP COMPRESSION FIBRE 


Figures 4.7 and 4.8 show the strain variations along the top com- 
pression fibre of the test beams. The magnitudes of the strains re- 
present the average strains over the 8-in. gauge panel lengths and 
are plotted at the middle of each panel. The figures show maximum 
strains at mid-span, except for beam Fl, and these strains varied from 
about 0.004 to 0.006 at initial compression crushing. Lower strains 
occurred at initial crushing for the higher concrete strengths in beams 
Fl, F2 and Gl. Figures 4.7 and 4.8 show that higher strains were de- 


veloped in the short span beams compared to the long span beams for 
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the l-in. pitch spiral reinforcement. For the other spiral pitches, 
the strain values at initial compression crushing were approximately 


the same. 


MOMENT-CURVATURE RELATIONSHIPS 


Figures 4.9 and 4.10 present the moment-curvature relationships 
in terms of the moment ratio M/M.; versus the mid-span curvature. The 
mid-span curvature is the curvature developed in gauge panel five of 
the instrumented gauge length. The figures show that for the range 
0.6 < M/M. < 1.0, the rate of change of slope decreases as the pitch 
of the spiral reinforcement increases. The moments at failure are in 
the range 1.03 < M/M. < 1.14. 

Table 5.1 presents a comparison between the mid-span curvatures 
at the moment, Mss producing initial compression crushing, and those 
at the ultimate moment, Muse The order of magnitude of the curvatures 
at My is about three times higher than at M. for the l-in. and 2-in. 
pitch spiral confinement in the long span series D and F beams. This 
is also observed in beam G2. The 3-in. spiral pitch gives a constant 
ratio of about 2.2. The minimum ratio is nearly 2.0. This significant 
increase in curvatures beyond M. shows that plastic hinges have de- 
veloped at the critical mid-span sections. The larger ratios for beams 
G1 and G2 compared to E1 and E2 indicate that the confinement is more 
effective for the higher concrete strengths and amount of tension re- 
inforcement. This effect is not shown in the long span beams. 


The shape of the relationships is essentially the same for the 
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same values of spiral reinforcement pitch. For each value of pitch, 
the shape is not significantly affected by the concrete strength, the 


amount of tension reinforcement or the span length. 


STRAINS IN THE SPIRAL REINFORCEMENT 


Figures 4.11 to 4.14 show the variations of the strains in the spiral 
reinforcement at the gauge locations I, II and III shown in Figure 3.6. 
There is an initial linear increase in the spiral strains, and the small 
orders of magnitude indicate that the spiral reinforcement is not re- 
quired to resist significant lateral strains in the concrete until init- 
ial compression crushing occurs. Near M/M. = 1, there are larger in- 
creases in the spiral strains for small load increments. 

Generally, only a small lateral restraint was offered at gauge lo- 
cations I and II on the side of the beams. Additional confinement pro- 
vided by the load bearing block at gauge location I increased the abili- 
ty of the concrete to resist spalling, and since spalling did not occur 
on the sides of the beams, the spiral reinforcement was not required to 
act to its full capacity. Tension failure of the spiral reinforcement, 
shown in Figure 5.6, was observed at the front face of beam G2 opposite 
gauge location II. 

Figure 4.12 shows that the yield strain of the spiral reinforcement 
was developed at gauge location III in beams Fl, F2 and F3. The spiral 
reinforcement also resisted higher lateral concrete strains in series 
F and G beams at this location compared to series D and E beams. A 


greater participation by the spiral reinforcement at this location in 
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all beams compared to locations I and II is generally shown at all the 


increments of applied load, 


FAILURE MODES AND CRACK PATTERNS 


The properties of all the beams showed that the beams were over- 
reinforced in tension according to the ACI Code (5) requirements, al- 
though an attempt had been made to provide balanced design conditions 
in series D and E beams. 

Once initial compression crushing occurred, the confined concrete 
compression zone had to resist the compressive stresses due to the ap- 
plied load. The behaviour and type of failure of the beams at ultimate 
load were dependent on the ability of the spiral reinforcement to resist 
the lateral concrete strains, the ability of the tension reinforcement - 
to undergo further strain, and the shear resistance of the beams. 

The concrete compression zone spalled in varying degrees for the 
different spiral pitches. Figure 5.1 shows that the spalling did not 
cause any removal of the concrete bound by the l-in. pitch spiral rein- 
forcement. Figure 5.2 shows the spalling in beam Dl. Beams DI, Fl and 
Gl failed by fracture of the tension reinforcement. Figure 5.3 shows 
the failure in shear of beam El. An examination of beam El after fail- 
ure revealed that two wires in the lower outside tension cable had 
fractured. 

Concrete spalled from between the loops of the 2-in. and 3-in. 
pitch spiral reinforcement. Figures 5.4 and 5.5 show how the concrete 
arched between the spiral loops in beam D2, and to a greater extent in 


beam F3. The arching was significant in beam D2 which had the lowest 
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concrete strength for the beams with the 2-in. pitch spirals, and which 
finally failed in compression. For beams E2 and F2, the arching main- 
tained the compressive resistance and tension failures resulted. Beam 
G2 failed in a shear-compression manner shown in Figure 5.7. An evalu- 
ation of strain in the tension reinforcement of beams D2 and G2 indi- 
cated yielding had occurred. 

Beams D3 and E3 failed in compression, and beams F3 and G3 in a 
shear-compression manner. Figures 5.5 and 5.8 show the failures of 
beams F3 and E3. Beam D3 failed when a vertical crack, extending from 
an inclined shear crack, penetrated the confined concrete zone from 
below. The three inch spiral pitch was too large to prevent inclined 
cracks from penetrating the confined concrete zone, but it provided 
sufficient confinement to permit large deformations to occur before 
ultimate failure. 

The crack patterns developed from flexural cracks which extended 
perpendicularly from the tension fibres, then inclined towards the point 
of load application. Figure 5.9 shows how the inclined cracks penetrated 
to the base of the spiral reinforcement in beam F2. For increased load, 
initial compression crushing commenced near the load bearing block, and 
spalling developed along the extreme compression fibres away from the 
bearing block. Extensive inclined cracking occurred in series E and 


G beams. 


COMPARISONS WITH PREVIOUS TESTS 


The increased deformation capacity obtained by confining the 
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compressed concrete zone is evident when a comparison of the present 
tests is made with the tests reported by Belke (3). A summary of these 
test results without confinement was presented in Table 2.2. A summary 
of the present test results is presented in Table 5.2. The comparisons 
which follow are based on considerations of concrete strengths and a- 
mounts of tension reinforcement. 

Comparing beams DI and 2A, the l-in. pitch spiral confinement in 
beam Dl produced an increased moment of resistance, and a deflection 
Capacity about three times higher than that in beam 2A. Beam D1 failed 
in tension and beam 2A in compression. Beam F3 compared to beam 3A shows 
a similar result except that both beams exhibit compression type failures. 
It is mportant to note that although beam F3 failed in a shear-compres- 
sion manner, the confinement permitted a very much larger deformation 
capacity. Beam Fl has a deflection capacity about three times higher 
than beam 6A, although beam 6A had a concrete strength of over 1000 psi. 
in excess of beam Fl. Beam Fl failed in tension compared to the compres- 
sion failure of beam 6A. For the short span beams, beam E2 had a higher 
ultimate moment capacity, and the deflection capacity was about twice 
that of beam 2B. Beam E2 exhibits a tension failure compared to a com- 
pression failure in beam 2B, Beams G3 and 3B show similar results to 


beams E2 and 2B except that both failed in a compression manner. 


CONFINED CONCRETE COMPRESSION ZONE 


The comparisons show that the deformation capacity of the beams 


reported by Belke (3) was limited by the deformations which could occur 
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in the concrete compression zone. The prestressed beams with confined 
compressed concrete develop an increased ductility which permits a sig- 
nificant increase in the deflections, and hence rotation capacity, at 

the critical sections of maximum moment. The most important aspect is 
that if sufficient confinement is provided, i.e. by l-in. or 2-in. pitch 
spiral reinforcement in this case, then tension failures will result in 
beams which are normally over-reinforced. The ultimate moment can be 
maintained over a relatively large deflection or curvature range. Thus, 
the confinement contributes to significant inelastic behaviour in a 
structural element which does not normally possess this type of behaviour. 
Such a characteristic is essential before a true limit analysis procedure 


can be applied to the design of prestressed concrete beams. 
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TABLE 5.1 
A COMPARISON OF MID-SPAN CURVATURES 


vi by 
Observed Observed 
Mid-Span Mid-Span 
Curvature Curvature 
at at 
he = 1.0 My 
(x 10-2 Radians/in. ) (x 10-5 Radians/in. ) 


* The shape of the moment-curvature relationship was estimated from 
the load-deflection relationship near Ht, for these beams. The 


curvatures represent minimum values. 
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CHAPTER VI 
SUMMARY , CONCLUSIONS AND RECOMMENDATIONS 


The behaviour of a series of prestressed concrete beams with con- 
fined compressed concrete has been presented in terms of their measured 
load-deflection relationships and derived moment-curvature relationships. 
The effect of the degree of confinement on the behaviour characteristics 
and failure modes has been discussed for beams which had varying amounts 
of tension reinforcement, varying span lengths, nominal variations in 
concrete strength, and small variations in the effective prestress levels. 

Confining the compressed concrete zone increased the deformation 
Capacity of the prestressed beams. The confinement kept the bulk of 
the compression zone intact when initial crushing occurred at the ex- 
treme compression fibres. The confined concrete zone permitted the pre- 
stressed concrete beams to resist a moment, at least equal to the maxi- 
mum moment, for a large range of mid-span curvature regardless of the 
final mode of failure. The confinement provided these prestressed beams 
with the ability to develop plastic hinges at critical sections of 
maximum moment. Where sufficient confinement had been provided, tension 
failures were developed in prestressed concrete beams which, according 
to the ACI Code requirements (5), were normally over-reinforced. 

The results obtained in this experimental investigation lead to 
the following conclusions:- 

(1) For similar concrete strengths, amount of tension reinforce- 

ment, and span length; to ensure tension failures in prestressed 


concrete beams which have large amounts of tension reinforcement 
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the degree of confinement must be sufficient so that yield 
strains are developed in the tension reinforcement. 

(2) For similar concrete strengths, amount of tension reinforce- 
ment and degree of confinement; a change in the failure mode 
due to a reduced span length depended on the shear resistance 
of the beam. If the concrete strength and web reinforcement 
were sufficient to develop the required shear resistance, then 
the failure mode depended on the amount of confinement. 

(3) For similar concrete strengths, degree of confinement, and 
span length; a larger amount of tension reinforcement did not 
significantly affect the behaviour and ultimate curvature, 


however, it did increase the resisting moment capacity. 


Increased curvatures were developed using spiral-wound reinforce- 
ment to confine the concrete compression zones of prestressed concrete 
beams. This method of confinement had been reported (8) as the most 
economical on the basis of weight of steel per unit length of the con- 
fined zone. Alternatively, it might be possible to obtain increased 
curvatures by using compression reinforcement. It is recommended that 
the next series of tests should include prestressed beams having com- 
pression reinforcement to determine if sufficient deformation capacity 
can be developed to permit plastic hinges to form at critical sections. 
In preliminary tests, the amount of compression reinforcement should be 
equal to the amount of spiral reinforcement (by weight) used in the 
present tests. 


Future tests could be extended to include prestressed concrete 
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beams continuous over two spans with confined compressed concrete at 
the critical sections within the spans and at the negative moment region 


over the central support. 
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NOTATION 


area of prestressed tendons 

width of compression face of test beam 

distance from extreme compression fibre to centroid of 
the prestressing force 

modulus of elasticity of concrete 

compressive strength of concrete 

modulus of rupture of concrete 

distance from extreme compression fibre to the neutral axis 
bending moment due to externally applied load 

net flexural cracking moment 

bending moment at observed initial compression crushing 
at the extreme compression fibre 

ultimate resisting moment 


A,/bd ratio of prestressing steel 


ultimate applied load 


mid-span deflection at iy 

strain in the extreme concrete compression fibre 
yield strain of the spiral reinforcement 

€/kd = curvature 

observed mid-span curvature at M. 


observed mid-span curvature at My 
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APPENDIX 
MATERIALS, FABRICATION, PRESTRESS LOSS AND LOADING APPARATUS 


MATERIALS 


Cement 


Type III, high early strength, Portland Cement was used for the 


fabrication of all the beams. 
Aggregate 


The sand used for the fine aggregate had a fineness modulus of 
2.53 and an average moisture content of about 4%. The coarse aggregate 
was 3/8-in. maximum size pea gravel. Sieve analyses for the aggregates 


are presented in Tables A.1 and A.2. 
Concrete Mixes 


The concrete mix design (by weight) used for the fabrication of 
the test beams was:- 
(1) cement eae 
(2) sand 3a}: 


(3) coarse aggregate 2.2. 


By varying the water/cement ratio for individual mixes, concrete strengths 
ranging from 3500 psi to 4330 psi were obtained. At a later stage in 


the test program the concrete mix design was adjusted to:- 
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(1) cement 10 
(2) sand 2.5 


(3) coarse aggregate 1.7. 


Concrete strengths between 4740 psi and 5340 psi were obtained. The 
concrete mix proportions, the water/cement ratio, the slump, the com- 
pressive and tensile strengths, and the age at test, are listed for each 
test beam in Table A.3. The compressive and tensile strengths were de- 
termined from tests on 6-in. by 12-in. concrete control cylinders. The 
modulus of rupture and modulus of elasticity were Paicarared using (1):- 


3000 | 
f, PABRSATZ000 (2) 


These properties are presented in Table A.4. 
Prestressing Strand 


The prestressing strand used in the fabrication of the test beams 
was 250K grade, 7-wire strand, 5/16-in. nominal diameter, and complied 
with A.S.T.M. A-416 specifications. The stress-strain diagram is pre- 


sented in Figure A.1. 
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Shear Reinforcement 


The shear stirrups were either #2 plain bent bars or #3 deformed 


bent bars. The yield strengths were 42 ksi and 55 ksi respectively. 
Spiral Reinforcement 


6-in. outside diameter and 4-ft. long spiral reinforcement was 
manufactured with l-in., 2-in., and 3-in., pitches from #2 plain bars 
(4). The stress-strain diagram for the as supplied condition of the 


#2 plain bars is shown in Figure A.2. 


FABRICATION 


Forms 


The test beams were cast in pairs in a continuous metal form. The 
form was fabricated using two 12-in. steel channel sections for the re- 
movable sides, and an 18-in. channel base. To provide an overall beam 
depth of 14-5/8 in. the form was modified with wooden spacers placed 
between the side and base channel sections. End plates of 6-in. chan- 
nel section were drilled to accommodate the prestress cables at the re- 
quired spacing and effective beam depth. The form is shown erected be- 
tween two concrete bulkheads anchored to the laboratory loading floor 


in Figure A.3. 
Prestressing 


The cables were prestressed with only the base channel in place, 


benrotab €% 10. 218d tned nist Sh ae oroW  ewventag weave oe? E 
Vl sv iioeqeat r24 dd brs red Sa. hihi entonenie bray. aft raved ned 


oi in r f | bie - ee jetm: ops pore > 


“SA ee et a 


‘) 


wor monaK 


ont .vmvot [stem evounrtnoo 6. eS srtea ai ‘eo syaw emead seat ost 
-31 9dt sot setts fannsio. [aote nS owt pntew bossa ids? oe 
meod [Ts%9vo m6 sbivovqg oT +92a6d° Fenngts. 0-8 thine y 


-51, ot 36 2ahdea 22ardesrg orig 


-sd batooxg ‘saith at mot onT idqeb sad uo hoe cela 
woolt ‘enibsot \otsradet ante ot naseeieat 


60 


The reactions for the prestressing operation were provided by the two 
concrete bulkheads. The cables were threaded through the spacer holes 
in the form end plates, and through end plates centred at the bulkheads. 
The plates were drilled with the appropriate spacing requirements to 
allow correct alignment of the cabies to be maintained during the pre- 
stressing procedure. Each cable was tensioned individually with a 
Simplex centre hole hydraulic jack operated by a Blackhawk hand pump. 
The cables were gripped at the end plates with wedge-grip end anchorages. 
Aluminum dynamometers were used to measure the tension in the cables 
(2) ,(3) ,(4). These arrangements are shown in Figures A.4 and A.5. The 


prestressing equipment is shown in Figure A.6. 
Shear Stirrups and Spiral Reinforcement 


The shear stirrups were wired directly to the prestressed cables 
as shown in Figure A.7, and the side forms were erected and bolted in 
place. The spiral reinforcement was placed and wired to the shear 
stirrups. To keep the stirrups upright during the placement of the 
concrete, they were wired to a #3 reinforcing bar supported above the 
forms. The wires were cut and the #3 bar removed after the concrete 
had been placed and vibrated. The final arrangement prior to placing 


of the spirals and casting is shown in Figure A.3. 
Casting and Curing 


The concrete was mixed in a nine cubic feet capacity upright mixer. 
Two batches of approximately 7-1/2 cu. ft. were required to cast two 


beams and their control cylinders. One each of series D and E beams 
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were cast at a time, eg. DI] and El, then similarly for series F and G 
beams. The first batch was used to cast the shorter series E or G beam 
and its control cylinders, with the remaining concrete being placed in 
the end portions of the longer D or F series beam. The second batch was 
placed in the centre region of the series D or F beam and used to cast 
its control cylinders. This procedure ensured uniformity of the concrete 
over the gauge length of a particular beam. The concrete was compacted 
using a high frequency immersion vibrator. 

The test beams were covered with wet burlap and a plastic sheet, 
and cured for twenty-four hours, after which the forms were stripped and 
the wet burlap and plastic Sheet replaced. After four to five days of 
moist curing, the burlap and plastic sheet were removed to allow the 
beam surface to dry out. 

Six 6-in. by 12-in. control cylinders were cast for each test beam. 
The control cylinders were cured and stored under the same laboratory 
conditions as the beams. Four cylinders were used for compression tests 
and two for tension splitting tests. On the day of a beam test, two 


control cylinders were tested in compression and two in tension splitting. 
Release of Prestress 


Demec gauge points were positioned on the test beam gauge length 
and readings recorded. The location of the Demec points is shown in 
Figures 3.4 and 3.5. Final readings on the dynamometers were recorded 
and the prestressed cables were cut. A cutting torch was used to heat 
the cables to allow a gradual transfer of stress to the concrete. 


Immediately after the release of prestress, the Demec gauge point 
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readings were recorded. The loss of prestress force due to elastic 
shortening of the concrete, resulting from the transfer of stress from 
the cables to the concrete, was calculated from the differences in the 


Demec gauge readings, and is tabulated in Table A.5. 


TOTAL PRESTRESS LOSSES 


The total prestress losses combined those due to the elastic short- 
ening of the concrete, and the shrinkage and creep of the concrete which 
occurred from the time of prestress release to the testing of the beam. 
The losses due to shrinkage and creep were determined from the differ- 
ences between the Demec readings recorded after prestress release and 
those recorded as initial readings at the beginning of each beam test. 
The total prestress loss and effective prestress for each beam is pre- 


sented in Table A.5. 


LOADING APPARATUS 


The single point concentrated load was applied using a 220 kip 
Amsler hydraulic jack. The loading frame and jack arrangement are 
shown in Figure A.8. An Amsler Pendulum Dynamometer was used to mea- 
sure the applied loads. The facility of the built in load maintainer 
made it possible to keep the load at a constant level independent of 
creep in the test beam while under an applied load. The load was 
applied through a 6-in. by 6-in. bearing plate fixed to the top concrete 
compression fibre using Plaster of Paris. This provided an even stress 


distribution in the beam under the load point. The test beam was 
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supported by hinged and roller type supports set on concrete pedestals. 
The pedestals were set firm on the laboratory floor using Plaster of 


Paris. 
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TABLE A.1 
SIEVE ANALYSIS OF SAND 


Weight % Cumulative 
Retained Retained % Retained 
(gms ) 
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FINENESS MODULUS ts Be 


TABLE A.2 


SIEVE ANALYSIS OF COARSE AGGREGATE 


Cumulative 
% Retained 
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FIGURE A.7: SHEAR STIRRUPS WIRED TO THE 
PRESTRESSED CABLES 
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FIGURE A.8: LOADING FRAME 
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